Introduction
One of the greatest challenges facing our society today is the supply of low-cost, environmentally friendly energy sources that can meet the growing demands of population and economic growth. 1 Photovoltaics, the conversion of sunlight to electricity, is already among the most efficient technologies for harvesting solar energy. Nowadays, bringing photovoltaics to the market is mainly limited by the high cost of electricity produced by the photovoltaic solar cell. To reduce the cost, thin-film solar cells are promising alternatives, but a limitation in thin-film solar cell technologies is that the absorbance of light is quite weak. The pyramidal surface texture technology has been used for trapping light for conventional solar cells. 2, 3 This kind of surface texture generally has a large surface area, leading to a high minority carrier recombination near the surface region of the thin-film solar cells. Recently, a new technology for achieving light trapping in thin-film solar cells by use of metallic nanostructures that support surface plasmons [4] [5] [6] has been proposed. Light can be effectively trapped into a thin-film by engineering of metallic nanostructures, thereby increasing the absorption. [7] [8] [9] [10] [11] [12] [13] [14] [15] Experimentally, improved photocurrent generation has been verified by placing or scattering metallic nanoparticles on the top of, within, or on the bottom of photovoltaic devices. [16] [17] [18] Driven by new advanced nanofabrication technologies and the growing understanding of optical properties provided by plasmonic nanostructures, the use of periodic metallic nanostructures for photovoltaic applications has been received tremendous attention. Recently, placing one-dimensional periodic metallic nanostructures on the top of the thin-film solar cell is designed to realize broadband absorption enhancement. 10, 12 Since the excitation of surface plasmon polaritons is normally polarization sensitive, the design by the use of the one-dimensional metallic grating placed directly on the top of the solar cell will of course block a fairly large amount of total incident solar power. In this paper, we propose an ultra-thin-film solar cell, where absorption of the light in the active silicon layer is enhanced by placing one-dimensional metallic nanogratings at the bottom of the thin-film solar cell. Large integrated photocurrent enhancement for the wavelength of our interest is observed, which is attributed to the excitation of the hybrid mode of the surface plasmon polaritons and the waveguide mode of the silicon thin-film. As a comparison, an ultrathin silicon solar cell with the metallic grating on the top of it is also investigated.
2 Method for Evaluating the Generated Photocurrent of the Solar Cell Figure 1 depicts a thin-film solar cell configuration. The thin silicon layer acts as the device layer, where the absorption of the light is enhanced by plasmonic nanostructures. Due to a large surface area when introducing an array of plasmonic nanostructures, the silicon oxide layer is needed to provide excellent electrical surface passivation of silicon with high optical transparency. Here, we choose crystalline silicon as the active semiconductor material, which has a band-gap of 1.1 eV. If a photon is absorbed it has the possibility of exciting an electron from the valence band to the conduction band. Only if the photon has enough energy will the electron be excited into the conduction band from the valence band. Therefore, for photovoltaics application, we only consider the working wavelength below 1100 nm, corresponding to the band-gap of the crystalline silicon.
In order to evaluate the solar cell system, we perform full-wave electromagnetic simulations with the aid of commercial simulation packages 19 to determine the photocurrent enhancement compared to the reference structure consisting of the ultrathin crystalline silicon layer without metallic nanostructures. Broadband illumination in the wavelength range of 400 to 1100 nm is considered, and then the results are weighted by the AM 1.5G solar spectrum. We calculate the short circuit current per unit area, J sc , by
where q is the charge of an electron, A is the illuminated area, Γ GR is the electron generation rate per unit volume and the integration is over the volume containing generations. With the assumption that each photon absorbed within the active layer creates one electron-hole pair, the electron generation rate per unit volume can therefore be described by
where AMðωÞ is the AM 1.5G solar spectrum, jEðωÞj 2 is the magnitude of the electric field squared within the active layer, and ε 0 0 ðωÞ is the imaginary part of the dielectric function of the silicon [εðωÞ ¼ ε 0 ðωÞ þ jε 0 0 ðωÞ], which is obtained by a fit to the experimental data of Palik. 20 We thus implicitly assume band-gap absorption to be the dominating phenomenon, represented by ε 0 0 ðωÞ. Note that only the absorption occurring in the active layer contributes to the generated carrier, which should be separated from the absorption within the metal, resulting in Ohmic loss. Since the incident light from sun is unpolarized, we need to consider two polarizations: the TE polarization (the electric field polarized parallel to the grating) and the TM polarization (the magnetic field polarized parallel to the grating) and to take equal contribution from each polarization into account when evaluating the short circuit current.
Ultra-thin-Film Solar Cells by Incorporating the Metallic Nanostructures
Let us first consider an ultra-thin-film crystalline silicon solar cell by incorporating a onedimensional metallic grating on the top of it (see Fig. 1 ). The thickness of the crystalline silicon layer and the passivation layer are fixed as 200 and 10 nm, respectively. The one-dimensional array of metallic strips is described by the period p, the thickness of the metallic strips t, and the width of strips w, respectively. Figure 2 shows the enhancement of the photocurrent per unit area of the thin-film solar cell when covering the metallic grating, normalized to the same structure without the metallic grating. The results illustrate how the photocurrent enhancement varies when tuning the width of the metal strip and the thickness of the metal grating. The period of the grating is chosen as 450 nm. For the case of the TE polarization, the enhancement of the photocurrent shown in Fig. 2 (a) is always below unity. In this case, the metallic grating generally acts as a reflection mirror, leading to higher reflection. Since the short circuit current is proportional to the absorbance of light in the thin-film layer, the enhancement factor becomes less than unity due to higher reflection by the metallic grating. With the decrease of the width of the metallic strips, the enhancement factor increases since less metallic material is obscuring transfer of light to the silicon layer. The enhancement factor for the photocurrent is not too sensitive to the thickness of the metal film when the thickness of the metal film is larger than 50 nm. For the case of the TM polarization, due to the excitation of the plasmon resonance, i.e., a collective oscillation of the conduction electrons in the metal, the metallic strips with a size well below the wavelength of light can be used as subwavelength scattering elements to couple and trap freely propagating plane waves into the absorbing semiconductor thin-film by multiple and high-angle scattering. This is causing an increase in the effective optical path length in the thin-film solar cell. 5 The enhancement factor for the TM polarization is shown in Fig. 2(b) , where the values are larger than unity attributed to the metallic grating. The absorption of light is further enhanced when decreasing the width of the metallic strips and the enhancement factor reaches 1.4 for the case of t ¼ 60 nm and w ¼ 100 nm. However, if we check the overall contribution from the metallic gratings, shown in Fig. 2(c) , the total enhancement factor, defined by the average of the enhancement factors for two polarizations, is only about 1.2. One can conclude that the thin-film solar cell could benefit from the metallic nano-structure placed on the top of it. Due to the polarization dependence, the overall contribution arising from the metallic grating is not too high as expected. It should be pointed out that our conclusion is based on the thin-film solar cell assisted by a one-dimensional periodic metallic nanostructure. Two-dimensional periodic metallic nanostructures may lead to other conclusions. It has been shown that the absorption of light in the thin-film solar cell can be enhanced by effective coupling to waveguide modes supported by the thin-film. 9, 10 Now, let us consider an ultra-thin-film solar cell assisted by the metallic grating placed on the bottom of it. Results for the photocurrent enhancement are shown in Fig. 3 . The period of the grating is fixed to 450 nm, while we are varying the width of the metal strips and the thickness of the metal film. It can be seen in Figs. 3(a) and 3(b) that the enhancement factors of the short circuit current for both two polarizations are significantly enlarged. The enhancement factor is strongly sensitive to the width of the metal strips, and slightly dependent on the thickness of the metal film. For the case of the TE polarization, the enhancement factor reaches a maximum value of 1.98 when t ¼ 100 nm and w ¼ 250 nm. The maximum value of the enhancement factor for the TM polarization is around 2.04 when t ¼ 50 nm nm and w ¼ 300 nm. By averaging the contributions from both the TE and TM polarizations, the total enhancement factor for the photocurrent shown in Fig. 3(c) is significantly improved, compared to the result for the previous case as shown in Fig. 2(c) . For example, when t ¼ 50 nm and w ¼ 300 nm, the total integrated photocurrent improvement under AM1.5G solar illumination can reach a factor of 1.82. For comparison, the maximum value for the enhancement factor for the solar cell assisted by the front-side metallic grating is only 1.2.
To better understand the mechanism behind the enhanced photocurrent, here we plot absorption enhancement (the absorption of the light is governed by [ε 0 0 ðωÞωjEðωÞj 2 ∕2]) as a function of wavelength, as well as the field patterns for some specific frequencies, as shown in Fig. 4 . The absorption enhancement for the ultra-thin-film solar cell assisted by the metallic grating placed on the bottom of the solar cell is shown as the solid line when t ¼ 100 nm, w ¼ 250 nm, and p ¼ 450 nm for the case of the TE polarization and the dashed line is for the TM polarization when t ¼ 50 nm, w ¼ 300 nm, and p ¼ 450 nm. It turns out that for the wavelength of our interest the absorption enhancement is always larger than unity, leading to a high total enhancement factor of the short circuit current. Field patterns for two main peaks (λ ¼ 632 and 871 nm) with respect to the normalized field (H∕H 0 ) for the TE polarization are shown in the left-hand side of the two peaks, where H 0 is the magnetic field of the incident wave. The value of the normalized field, with a maximum value of 9, is strongly enhanced by adding the metallic nanostructure. We believe that the enhancement is attributed to strong backscattering by the metallic grating. For the normalized field pattern (E∕E 0 ) for two main peaks (λ ¼ 680 and 932 nm) of the TM polarization (E 0 is the electric field of the incident wave), shown in the right-hand side of the two peaks, it can be clearly seen that the surface plasmon polaritons near the silicon and metal interface are excited and that the normalized field has a maximum value close to 11. We believe that for the TM polarization the absorption enhancement is arising from the excitation of the hybrid mode of the surface plasmon polaritons and the waveguide mode of the silicon thin-film.
The results shown above are all associated with the solar cell when fixing the periodicity and the incident angle. It is naturally interesting to investigate the influence of the period and incident angle to the photocurrent enhancement. Figure 5(a) shows the influence of the periodicity to the enhancement factor of the short circuit current when t ¼ 50 nm and w ¼ 300 nm. The photocurrent enhancement is dependent on the period of the metallic grating. Figure 5 (a) illustrates that the enhancement under AM1.5G solar illumination can reach a factor of 1.9 when p ¼ 500 nm. To the best of our knowledge, it is the simplest thin-film silicon solar cell configuration which provides the best performance in terms of the enhanced generation photocurrent. When placing the metallic grating on top of the solar cell, it has been shown that the enhancement of the short circuit current is quite sensitive to the incident angle. 12 For the case of the thin-film solar cell assisted by the back-side metallic grating, influence of the incident angle to the enhanced photocurrent is shown in Fig. 5(b) . The photocurrent enhancement for the TE polarization is relatively sensitive to the incident angle, while the total enhancement factor under an unpolarized illumination is almost immune to the incident angle ranging from 0 deg to 60 deg.
Conclusions and Discussions
In this paper, we have proposed an ultra-thin-film solar cell improved by the presence of plasmonic nanostructures. The solar cells assisted by the front-side metallic and the back-side metallic gratings have been investigated. Integrated photocurrent enhancement in the thin-film silicon solar cell has been evaluated, and results show that large photocurrent enhancement with a factor of 1.9 is achieved by placing a one-dimensional metallic grating on the bottom of the solar cell, while being insensitive to the incident angle. The results presented here could be used for the realization of low-cost and high-efficiency thin-film solar cells. Here, we have deliberately focused on metallic nanostructures. Recent work suggests that dielectric nanostructures may be at least equally useful for energy harvesting. For future work it would be interesting to explore opportunities offered by combination of such ideas.
